We report the synthesis of cerium oxide, cobalt oxide, mixed cerium, and cobalt oxides and a Ce-Co/Al 2 O 3 membrane, which are employed as catalysts for the catalytic wet oxidation (CWO) reaction process and the removal of formaldehyde from industrial effluents. Formaldehyde is present in numerous waste streams from the chemical industry in a concentration low enough to make its recovery not economically justified but high enough to create an environmental hazard. Common biological degradation methods do not work for formaldehyde, a highly toxic but refractory, low biodegradability substance. The CWO reaction is a recent, promising alternative that also permits much lower temperature and pressure conditions than other oxidation processes, resulting in economic benefits. The CWO reaction employing Ce-and Co-containing catalysts was carried out inside a slurry batch reactor and a membrane reactor. Experimental results are reported. Next, a mixed Ce-Co oxide film was supported on an γ-alumina membrane used in a catalytic membrane reactor to compare formaldehyde removal between both types of systems. Catalytic materials with cerium and with a relatively large amount of cerium favored the transformation of formaldehyde. Cerium was present as cerianite in the catalytic materials, as indicated by X-ray diffraction patterns.
Introduction
The catalytic wet oxidation processes fall within the three-phase reaction categories, which are somewhat difficult to operate and are therefore not in a state of technological readiness for commercial application. Thus, it is widely recognized that the technology of catalytic wet air oxidation (CWAO) needs further development to become a commercial option, economically viable, environmentally responsible, and a way to remove the organic waste generated and increase the possibility of managing emerging problems in the treatment of toxic wastewater.
In wet air oxidation (WAO) processes, organic pollutants dissolved in water are degraded, either partially through an oxidizing agent in biodegradable products or mineralized into harmless inorganic compounds, such as CO 2 , H 2 O, and inorganic salts, which remain in the liquid phase [1] .
Compared to the WAO process, the presence of a catalyst in CWAO has lower energy requirements [2] ; in addition, it has the advantage of reaching a greater oxidation conversion. Consequently, less severe conditions can be used to reduce the chemical oxygen demand because in this process, organic compounds are oxidized to inorganic usable by-products, such as CO 2 and H 2 O.
Wet air oxidation [3] represents an alternative technology to treat water streams with a low concentration of toxic organic compounds. However, the absence of a catalyst implies that high the relative molar ratio, and the same structure was observed for all three Ce-Co oxides molar ratios (1:1, 1:2, and 2:1).
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Catalytic Membrane Characterization
We will describe the XRD results of the Ce-Co/Al2O3 membrane both as a reference and for comparison with the membrane that was used for the HCOH CWO reaction. Figure 6 shows the XRD pattern, presenting the Al2O3 characteristic peaks of the corundum phase with a rhombohedral crystal cell [23] . The alumina peaks were slightly shifted towards smaller diffraction angles. We could not see either the cobalt oxide or the cerium oxide XRD signals, indicating that the mixed oxide film is relatively thin and that when using conventional 2θ scanning methods for supported film, very thin film generally produces a weak signal from the film and an intense signal from the substrate, in this case alpha alumina [24, 25] . In addition, the diffraction peaks of alpha alumina support were slightly displaced towards lower angles relative to the pattern; we associate this displacement with the stiffness and geometry of the support. Figure 7 shows the Ce-Co/Al2O3 membrane micrographs. We present a representative section of the inner side surface (Figure 7a ), noticing a relatively uniform surface with no fractures or pinhole. Figure 7b shows the cross-section image with three of the four layers of the alumina support and the top Co-Ce film, featuring a considerably uniform thickness of approximately 1 µm. 
We will describe the XRD results of the Ce-Co/Al 2 O 3 membrane both as a reference and for comparison with the membrane that was used for the HCOH CWO reaction. Figure 6 shows the XRD pattern, presenting the Al 2 O 3 characteristic peaks of the corundum phase with a rhombohedral crystal cell [23] . The alumina peaks were slightly shifted towards smaller diffraction angles. We could not see either the cobalt oxide or the cerium oxide XRD signals, indicating that the mixed oxide film is relatively thin and that when using conventional 2θ scanning methods for supported film, very thin film generally produces a weak signal from the film and an intense signal from the substrate, in this case alpha alumina [24, 25] . In addition, the diffraction peaks of alpha alumina support were slightly displaced towards lower angles relative to the pattern; we associate this displacement with the stiffness and geometry of the support. 
We will describe the XRD results of the Ce-Co/Al2O3 membrane both as a reference and for comparison with the membrane that was used for the HCOH CWO reaction. Figure 6 shows the XRD pattern, presenting the Al2O3 characteristic peaks of the corundum phase with a rhombohedral crystal cell [23] . The alumina peaks were slightly shifted towards smaller diffraction angles. We could not see either the cobalt oxide or the cerium oxide XRD signals, indicating that the mixed oxide film is relatively thin and that when using conventional 2θ scanning methods for supported film, very thin film generally produces a weak signal from the film and an intense signal from the substrate, in this case alpha alumina [24, 25] . In addition, the diffraction peaks of alpha alumina support were slightly displaced towards lower angles relative to the pattern; we associate this displacement with the stiffness and geometry of the support. Considering the SEM results, the Co and Ce mixed oxides impregnation method was effective for the growth of a uniform film of homogeneous thickness. For this method, sequential 2 M precursor solutions for each oxide were used, beginning with cobalt and followed by cerium, and a precipitation step was included for each oxide. A 15-cm-long catalytic membrane for the HCOH CWO reaction was prepared in this manner. Considering the SEM results, the Co and Ce mixed oxides impregnation method was effective for the growth of a uniform film of homogeneous thickness. For this method, sequential 2 M precursor solutions for each oxide were used, beginning with cobalt and followed by cerium, and a precipitation step was included for each oxide. A 15-cm-long catalytic membrane for the HCOH CWO reaction was prepared in this manner. Considering the SEM results, the Co and Ce mixed oxides impregnation method was effective for the growth of a uniform film of homogeneous thickness. For this method, sequential 2 M precursor solutions for each oxide were used, beginning with cobalt and followed by cerium, and a precipitation step was included for each oxide. A 15-cm-long catalytic membrane for the HCOH CWO reaction was prepared in this manner.
Catalytic Wet Oxidation Reaction

2.3.1. Commercial Autoclave Slurry Batch-Type Reactor Figure 9 shows the conversion time compared to the reaction time of the HCOH CWO reaction that employed three different Ce-Co powder mixed oxides with 1:1, 2:1, and 1:2 Ce-Co molar ratios.
Conversion maintains an ascending linear trend from the first minute of the reaction through 90 min; afterwards, for the 1:1 and 1:2 Ce-Co samples, conversion becomes relatively constant, whereas the 2:1 Ce-Co sample continues to show an increase in conversion, achieving an approximately 35% HCOH conversion. Overall, the conversion obtained was smaller than 40%, but we should consider the relatively high initial formaldehyde content (1000 ppm). The oxidation of HCOH leads to various secondary products, such as oxalic acid, formic acid, and acetic acid, depending on the degree of oxidation; moreover, we should note that no secondary products were detected by gas chromatography of the liquid stream. Other authors have reported the production of low molecular weight carboxylic acids and, more importantly, formic acid, a highly refractive compound, when carrying out the HCOH CWO reaction [26, 27] . In previous work [28] , which was also during formaldehyde removal, the presence of carboxylic acids as secondary reaction products using a Pt/Al 2 O 3 powder catalyst was observed. HCOH conversion. Overall, the conversion obtained was smaller than 40%, but we should consider the relatively high initial formaldehyde content (1000 ppm). The oxidation of HCOH leads to various secondary products, such as oxalic acid, formic acid, and acetic acid, depending on the degree of oxidation; moreover, we should note that no secondary products were detected by gas chromatography of the liquid stream. Other authors have reported the production of low molecular weight carboxylic acids and, more importantly, formic acid, a highly refractive compound, when carrying out the HCOH CWO reaction [26, 27] . In previous work [28] , which was also during formaldehyde removal, the presence of carboxylic acids as secondary reaction products using a Pt/Al2O3 powder catalyst was observed. According to the HCOH conversion results, the 2:1 Ce-Co sample exhibited higher activity than the 1:2 Ce-Co sample, indicating that a higher cerium content promotes HCOH oxidation because of the high capacity of Ce for oxygen storage, as reported in the literature [29] . We measured a 5.75 × 10 −3 mol·(L·min) −1 initial reaction rate for the 1:1 Ce-Co catalyst and a 6.08 × 10 −3 mol·(L·min) −1 initial reaction speed for the 2:1 Ce-Co catalyst, whereas the 1:2 Ce-Co catalyst had an initial reaction speed of 4.00 × 10 −3 mol·(L·min) −1 , which is approximately twice as low as the sample with high cerium content. The catalyst with the higher Ce content, the 2:1 Ce-Co exhibiting the higher catalytic activity, had a small particle size.
A similar HCOH conversion of 38.1%, after a 3 h reaction at 200 °C and 15 bar of oxygen pressure with a prolonged induction step, was reported by Silva et al. [5, 26] for the oxidation reaction with no catalyst (WO). Our conversion rate was likely affected by the high HCOH concentration (1000 ppm), considering that Tang et al. [30] report a reduction in conversion when the HCOH initial concentration increased from 100 to 580 ppm. Figure 10 shows the catalytic evaluation of the Ce-Co mixed oxide/alumina membrane reactor after 240 min reaction, achieving a 79% total conversion. At the beginning of the reaction, conversion followed an increasing trend, with an almost linear behavior for the first 60 min. The measured initial reaction speed was 16.5 × 10 −3 mol·(L·min) −1 . Subsequently, conversion increased at a slower pace. As with powder catalysts, we found no secondary products in the liquid phase (as determined by gas chromatography), and the reaction products were those corresponding to HCOH mineralization. According to the HCOH conversion results, the 2:1 Ce-Co sample exhibited higher activity than the 1:2 Ce-Co sample, indicating that a higher cerium content promotes HCOH oxidation because of the high capacity of Ce for oxygen storage, as reported in the literature [29] . We measured a 5.75ˆ10´3 mol¨(L¨min)´1 initial reaction rate for the 1:1 Ce-Co catalyst and a 6.08ˆ10´3 mol¨(L¨min)´1 initial reaction speed for the 2:1 Ce-Co catalyst, whereas the 1:2 Ce-Co catalyst had an initial reaction speed of 4.00ˆ10´3 mol¨(L¨min)´1, which is approximately twice as low as the sample with high cerium content. The catalyst with the higher Ce content, the 2:1 Ce-Co exhibiting the higher catalytic activity, had a small particle size.
Catalytic Membrane Reactor, Contactor type
A similar HCOH conversion of 38.1%, after a 3 h reaction at 200˝C and 15 bar of oxygen pressure with a prolonged induction step, was reported by Silva et al. [5, 26] for the oxidation reaction with no catalyst (WO). Our conversion rate was likely affected by the high HCOH concentration (1000 ppm), considering that Tang et al. [30] report a reduction in conversion when the HCOH initial concentration increased from 100 to 580 ppm. Figure 10 shows the catalytic evaluation of the Ce-Co mixed oxide/alumina membrane reactor after 240 min reaction, achieving a 79% total conversion. At the beginning of the reaction, conversion followed an increasing trend, with an almost linear behavior for the first 60 min. The measured initial reaction speed was 16.5ˆ10´3 mol¨(L¨min)´1. Subsequently, conversion increased at a slower pace.
As with powder catalysts, we found no secondary products in the liquid phase (as determined by gas chromatography), and the reaction products were those corresponding to HCOH mineralization. Figure 10 shows the conversion rate for the two catalytic materials: the bulk Ce-Co mixed oxide (employing a slurry batch reactor) and the Ce-Co mixed oxide supported on mesoporous alumina (as part of a membrane reactor). We attempted to maintain the same reaction conditions: 100˝C temperature, 250 mL reaction volume, 1000 ppm initial HCOH concentration, and 5 bar oxygen pressure. However, we used a continuous gas phase feed of 40 mL¨min´1 O 2 for the membrane reactor but a discontinuous one for the slurry batch reactor; the catalyst mass to the reaction volume ratio was also not the same, at 1 g¨L´1 for the conventional slurry batch reactor and 0.10 g¨L´1 for the membrane reactor, similar to previous work [11] . The high conversion obtained with the catalytic membrane reactor can be explained by the efficient contact between the liquid phase and the gas phase, specifically at the membrane's active surface, via a pressure differential between the two phases. The contact between the liquid and gas phases occurs at a 1 µm-thick section, enabling very small mass transference limitations. Such mass transfer limitations are considerable in a slurry type reactor [1] .
Molecules 2016, 21, 668 8 of 12 Figure 10 shows the conversion rate for the two catalytic materials: the bulk Ce-Co mixed oxide (employing a slurry batch reactor) and the Ce-Co mixed oxide supported on mesoporous alumina (as part of a membrane reactor). We attempted to maintain the same reaction conditions: 100 °C temperature, 250 mL reaction volume, 1000 ppm initial HCOH concentration, and 5 bar oxygen pressure. However, we used a continuous gas phase feed of 40 mL·min −1 O2 for the membrane reactor but a discontinuous one for the slurry batch reactor; the catalyst mass to the reaction volume ratio was also not the same, at 1 g·L −1 for the conventional slurry batch reactor and 0.10 g·L −1 for the membrane reactor, similar to previous work [11] . The high conversion obtained with the catalytic membrane reactor can be explained by the efficient contact between the liquid phase and the gas phase, specifically at the membrane's active surface, via a pressure differential between the two phases. The contact between the liquid and gas phases occurs at a 1 µm-thick section, enabling very small mass transference limitations. Such mass transfer limitations are considerable in a slurry type reactor [1] . The mineralization of HCOH was corroborated for the two types of reactors after the CWO reaction with the FTIR analysis of the CaCO3 precipitate. The band's characteristic of calcite transmittance was identified at 713 and 877 cm −1 as vibrations of C-O in plane and out of plane, respectively [31, 32] ; the band at approximately 1400 cm −1 corresponded to the bending C=O [33] .
Furthermore, the measured pH of the formaldehyde solution before the CWO reaction was 6.3, and after reaction with the mixed oxide catalyst powder the first two reactions (Ce-Co 1: 1 and Ce-Co 1: 2), the pH slightly decreased (to approximately 5.4). However, reactions with Ce-Co 2:1 had a pH of 5.0, and those with the membrane showed an important decrease to a pH of 4.5. The decreased pH in the membrane case probably occurred because of the dissolution of the CO2 obtained by HCOH mineralization, which was dissolved in the solution, resulting in a more acidic pH.
Discussion
Even if the amount of catalyst employed in the membrane reactor was approximately 10 times lower than that of the slurry batch reactor, the reaction speed (and thus the reaction kinetics) obtained with the membrane reactor was approximately three times faster (with the 2:1 Ce-Co catalyst). The conversion curve trend for the membrane reactor shows that the contactor-type configuration exhibits a higher conversion compared to the conversion slurry batch reactor throughout the reaction time; the higher slope registered for CMR suggests a greater local concentration of active oxygen in The mineralization of HCOH was corroborated for the two types of reactors after the CWO reaction with the FTIR analysis of the CaCO 3 precipitate. The band's characteristic of calcite transmittance was identified at 713 and 877 cm´1 as vibrations of C-O in plane and out of plane, respectively [31, 32] ; the band at approximately 1400 cm´1 corresponded to the bending C=O [33] .
Furthermore, the measured pH of the formaldehyde solution before the CWO reaction was 6.3, and after reaction with the mixed oxide catalyst powder the first two reactions (Ce-Co 1: 1 and Ce-Co 1: 2), the pH slightly decreased (to approximately 5.4). However, reactions with Ce-Co 2:1 had a pH of 5.0, and those with the membrane showed an important decrease to a pH of 4.5. The decreased pH in the membrane case probably occurred because of the dissolution of the CO 2 obtained by HCOH mineralization, which was dissolved in the solution, resulting in a more acidic pH.
Even if the amount of catalyst employed in the membrane reactor was approximately 10 times lower than that of the slurry batch reactor, the reaction speed (and thus the reaction kinetics) obtained with the membrane reactor was approximately three times faster (with the 2:1 Ce-Co catalyst).
The conversion curve trend for the membrane reactor shows that the contactor-type configuration exhibits a higher conversion compared to the conversion slurry batch reactor throughout the reaction time; the higher slope registered for CMR suggests a greater local concentration of active oxygen in the membrane film, showing similar reaction times that produce an increase in the highest reaction rate of oxidation by increasing local oxygen concentration. As mentioned in Section 2.3.1, no side products were identified for CMR compared to secondary products in the batch reactor, suggesting higher selectivity for CMR towards mineralization products.
The results can be related to several factors, including a higher local oxygen concentration inside the pores and a better distribution of the active sites. We should also consider the liquid-solid volumetric ratio, which is also related to the formation of carbonous deposits [1, 34] . Slurry-type batch reactors have a high liquid-catalyst volumetric ratio that favors the formation of polymer species in the liquid phase through either addition reactions or condensation reactions of intermediate species.
With small liquid-catalyst volumetric ratios (such as in trickle-bed reactors and membrane reactors), the liquid phase is specifically in contact with the solid active layer and therefore propagation reactions in the liquid phase are suppressed, producing an almost quantitative transformation of formaldehyde into CO 2 ; fact that is corroborated by the formation of calcium carbonate, formed by the capture of CO 2 and pH more acidic.
The advantages of the membrane reactor arise out of the gas-liquid contact in the solid catalytic thin mesoporous layer formed by a nanometre-size open-pore system, whereas the bulk solid catalyst is formed mainly by a closed-pore system that is much more prone to blocking by deposits. In summary, the highest conversion of formaldehyde ( Figure 10) shows that the membrane reactor-type contactor arises out of the gas-liquid contact at the solid catalytic thin mesoporous layer formed by a nanometre-size open-pore system. The membrane reactor has the additional advantage of not needing the separation of the reaction products from the catalyst after the reaction, as required by conventional batch reactors.
Materials and Methods
The preparation of pure Ce and Co oxides and Ce-Co mixed oxide-based catalysts was carried out by the co-precipitation method through controlled additions of the precursor solution containing an excess basic agent (CO(NH 2 ) 2 ) followed by a calcination stage at 350˝C, as reported in previous works [35] . Briefly, to obtain pure Ce and Co oxides and Ce-Co mixed oxides, 2 M solutions of Co(NO 3 ) 2 and Ce(NO 3 ) 3 were employed as precursors, as provided by Sigma-Aldrich Química, S.L. (Toluca, Mexico). Urea was used as precipitating agent. Ce-Co mixed oxides were prepared with three different molar ratios: 1:1, 2:1, and 1:2. After precipitation, all of the catalytic materials were washed with deionized water, dried for 16 h at ambient temperature and calcined at 350˝C for 2 h under an N 2 atmosphere at a heating rate of 3˝C¨min´1. According to Chen and Isa [36] , urea decomposes into volatile by-products at 190˝C.
We will also describe the preparation steps of the inorganic Ce-Co/γ-Al 2 O 3 membrane. Ce-Co films were prepared on the inner surface of an alumina tubular support (Pall Exekia, Bazet, France) with 7 and 10 mm i.d. and o.d., respectively, with an average pore size of 5 nm and a thickness of 10 µm on the top layer (γ-Al 2 O 3 ); the remainder of the support is composed of alpha alumina. The length of the permeation section was 120 mm, and both ends of the tubular support were coated with a glass sealant. The alumina supports were first cleaned ultrasonically in acetone and rinsed in deionized water. Prior to film growth, the γ-alumina support was heated at 110˝C for 24 h and covered with Teflon tape (the outer side) to promote film growth only on the inner side. The commercial support was impregnated with a 2 M Co(NO) 3 6H 2 O precursor dissolution for 10 min at 95˝C, then with a 4 M urea solution for 1 h at 95˝C, then with a 2 M Ce(NO) 3 6H 2 O precursor solution for 10 min at 95˝C and finally with a 4 M urea solution for 1 h at 95˝C. Next, the tube was washed using deionized water and dried for 12 h at 120˝C; further calcinations were performed at 350˝C for 3 h in a laboratory-air atmosphere.
The samples were characterized using various techniques such as powder X-ray diffraction (XRD), on a Philips X-pert diffractometer (Nottingham, UK) using a Cu K α radiation source with a goniometer of a 2-theta angle range between 4˝and 80˝operating at 40 kV and 25 mA. Elemental analysis and surface topographic features were observed through scanning electron microscopy (SEM/EDS) (FEI Company, Eindhoven, The Netherlands) employing a Philips XL30 ESEM microscope allowing both high vacuum and ambient operating conditions and a LEO 440 microscope with secondary electrons and EDS detectors for Fourier-transform infrared spectroscopy (FTIR) (Varian Inc., Palo Alto, CA, USA) with a Varian Excalibur 3600 instrument having a 4000 to 400 cm´1 wavenumber range for which the samples were finely ground with an agate mortar.
The performance of the catalytic systems was studied during the catalytic wet formaldehyde oxidation (CWO) reaction at ppm concentrations. The trials were conducted inside a conventional stainless steel "batch" reactor (commercial autoclave Parr Reactor, Parr Instrument Company, Moline, IL, USA) for the liquid phase, using pure oxygen (99.6% purity, Praxair México, Mexico City, Mexico) as an oxidizing agent at a 100˝C reaction temperature. The initial formaldehyde concentration was 1000 ppm. The ratio of catalyst mass to reaction volume was 1 g¨L´1; testing was conducted at oxidizing agent pressure, namely, 5 bar. The catalytic HCHO oxidation test was studied for 4 h. The reaction progress was monitored by sampling the liquid phase at different times and analyzed by gas chromatography using an HP 5890 series II brand Plus chromatograph with a flame ionization detector (FID) and GC ChemStation software © (Agilent Technologies, Inc., Santa Clara, CA, USA), along with an HP brand PLOT Q capillary column, 30 m long and 0.32 mm in diameter, suitable for separating organic acids and formaldehyde of low molecular weight.
The CWO reaction with a membrane reactor has been described in our previous work [11] . The membrane reactor was composed of a stainless steel cylinder jacket containing the catalytic membrane. This setup was divided into two chambers; the outer one was used to feed the oxygen and the inner chamber was used to feed the liquid phase with formaldehyde. The reactor configuration used is known as a contactor. The typical conditions for catalytic tests were as follows: 5 bar oxygen pressure and a 0.5 bar differential pressure between the gas and liquid phases. The membrane reactor results presented here have been obtained by working discontinuously during the liquid phase fed to the internal side in which the catalytic layer is located (250 mL recirculated at 20 mL¨min´1 by a HPLC pump) and continuously for the gas phase (40 mL O 2¨m in´1). The gas phase was bubbled into a Ca(OH) 2 0.5 M solution throughout the reaction time; the qualitative formation of CO 2 was determined at the end time, and the formation of a precipitate was found. This precipitate was characterized by FTIR with an accessory of ATR (attenuated total reflectance).
Conclusions
Catalysts
According to the XRD results, the pure cerium oxide and the mixed cobalt-cerium oxides exhibited the characteristic cerianite pattern, with a FCC unit cell. The pure cobalt oxide exhibited a structure corresponding to the spinel phase.
A film of cobalt-cerium mixed oxides was deposited onto a γ-Al 2 O 3 commercial support. According to SEM images, we attained a uniform, homogeneous film which was crack-free and had approximately 1 µm thickness. EDS elemental analysis confirmed the cobalt and cerium content on the Al 2 O 3 support, without cluster formation.
Formaldehyde CWO
Regarding the cobalt and cerium oxide bulk catalysts, the highest conversion for the HCOH CWO reaction was obtained with the 2:1 Ce-Co material. In general terms, a relatively high cerium content enhances the reaction conversion. No secondary products were detected in the liquid phase and therefore, all conversion was oriented towards the mineralization products (CO 2 and H 2 O).
The highest conversion (of more than 70%) for the CWO reaction of HCOH was obtained with a catalytic membrane of the Co-Ce oxides deposited on the alumina support after a 240 min reaction at 100˝C and 5 bar O 2 . Therefore, the membrane reactor was more efficient than the conventional batch reactor, where the catalyst is in suspension form.
We found that for the membrane reactor-type contactor in which the liquid-catalyst volume ratio is low, propagation reactions or secondary reactions in the liquid phase are eliminated, which results in a nearly quantitative conversion of formaldehyde to CO 2 .
Coupling the catalytic wet oxidation with the membrane reactor is a promising alternative for the efficient removal of formaldehyde pollutant from industrial residual water, such as in "tailor-made" procedures.
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